The laser damage behavior of high quality coatings under nanosecond pulse illumination is controlled by statistically distributed defects, whose physical nature and defect mechanisms are still largely unknown. Defect densities are often retrieved by modeling the fluence dependence of the damage probability measured by traditional damage test (TDT) methods, based on 'damage' or 'no damage' observations. STEREO-LID (Spatio-TEmporally REsolved Optical LaserInduced Damage) allows the determination of the damage fluence (and intensity) in a single test by identifying the initiation of damage both temporally and spatially. The advantages of this test method over the TDT are discussed. In particular, its ability to retrieve detailed defect distribution functions is demonstrated by comparison of results from HfO 2 films prepared by ion-assisted electron beam evaporation, ion-beam sputtering, and atomic layer deposition.
INTRODUCTION
One of the challenging problems of laser damage of amorphous dielectrics is to identify the physical nature of the defects and their distribution that cause damage. Figure 1 shows a schematic diagram of defects expected in an optical thin film. Intrinsic defects, in the form of interstitials and vacancies are deposition method dependent [1] . Their properties enter the intrinsic damage threshold of the film. Examples of possible defects that control the stochastic outcome of LIDT measurements (non-intrinsic damage events) are residues from substrate polishing and cleaning [2] [3] [4] [5] that may lead to nodules when overcoated [6, 7] , crystallites and their grain boundaries in particular in materials like hafnia [8, 9] . To complicate things, defects on the substrate surface may be activated by the coating process [10] .
Figure 1: Schematic diagram of an amorphous dielectric coating on a substrate. Intrinsic defects (B) and defects introduced by "imperfections" (A) of the deposition process contribute to the film properties. While optical excitation averages over the former, the probability that one of the latter defects is probed depends on the laser spot size (diameter 2R). Local crystallinity (D) can give rise to grain boundaries in the otherwise amorphous material (C), and these grains incl. boundaries may contribute to the LIDT properties. density per unit fluence, that characterizes each defect by its damage fluence [4, 12, 13] . This procedure requires a-priori assumptions about the defect distribution and typically suffers from large statistical errors. The TDTs do not distinguish between the real damage fluence and the total incident fluence because only "yes" or "no" damage is recorded. Most TDTs are performed with pulses of a non-uniform beam profile, like Gaussian beams. What is recorded is the peak fluence without consideration that the damage-initiating defect may be at a position within the laser spot where the fluence is lower than the peak fluence.
Recently a new method for single pulse ns (or longer pulse) damage studies of surfaces and films was proposed-STEREO-LID (Spatio-TEmporally REsolved Optical Laser Induced Damage) [14] . The technique is powerful in that it measures the onset time and location of damage by monitoring the transmitted and backscattered light with fast photodiodes and by imaging the excited sample spot, see Fig. 2 , cf. [14] . This paper describes STEREO-LID applied to the characterization of defects in a 30-nm thick HfO 2 layer deposited by three different deposition methods: ion beam assisted evaporation, ion beam sputtering and atomic layer deposition.
STEREO-LID DESCRIPTION
The experimental setup of STEREO-LID is shown in Fig. 2 . The method was described in detail elsewhere [14] . The arrangement is similar to a standard damage test with an attenuator and a calibrated reference diode (PD1) to set and monitor the incident fluence. A beam profiler is used to monitor the beam position and beam profile, and to correct for beam pointing instability of the laser. For STEREO-LID we added PD2 and PD3 to record the transmitted and backscattered pulses, respectively. The inset traces in Fig. 2 show the determination of the damage time, measured independently from the scattered and transmitted signal. There is a marked spike in the scattered signal at t d while the transmitted signal deviates from the reference pulse at time t d . In addition, an in situ microscope is used to determine the location of damage initiation ( , ). This arrangement was set up for testing transmissive single layers, but alternative geometries may be used for reflective optics or opaque substrates. , and and are the horizontal and vertical beam radii on the sample, respectively. The spot on the sample is elliptical because the sample is tilted, its center is at (0,0). The overall uncertainty in this measurement is about 10% due primarily to uncertainty in the measurement of and relative to the beam size (~25 μm) and the temporal resolution (150 ps) of the detection system. The fluence error can be reduced by using a larger beam size on the sample. It should be noted that the so determined damage fluence is systematically somewhat larger than the critical fluence [15] , which is defined as the fluence that produces a sample state that will eventually turn into visible LID.
Characterization of an optic by STEREO-LID consists of repeated measurements at a fixed fluence F 0 chosen so that damage occurs with 100% probability (or close to 100%). Therefore, for each test site the values t d , x d , y d , F th , I th are recorded. After dividing the fluence (intensity) scale into M bins, these data can be used to produce a probability P(F i ) of detecting a defect characterized by fluence F i . If the beam probes several defects the one for which the damage fluence is reached first is recorded.
The unique features of STEREO-LID compared to TDT are:
A. reproduction of the damage probability curve ̃( ) of the traditional damage test with higher precision for the same number of test sites, B. determination of the lowest damage fluence with higher precision for the same number of test sites, C. feasibility of retrieval of the defect distribution function ̅ ( ) in thin films and bulk surfaces without a-priori assumptions, which is not possible in TDT.
We will elaborate on A and B in the following paragraphs, point C will be discussed in section 3 using experimental data.
A. Reproduction of the traditional damage test
STEREO-LID is able to reproduce the damage probability vs. fluence with greater reliability than the traditional test. In the traditional damage test, the damage probability ̃( ) is determined by testing the sample with different fluences F i . Each fluence probes n i sample sites and the m i events at which damage occurs are recorded. ∑ = is the total number of test sites on the sample. The damage probability at a given fluence is then ̃( ) = / . Note that the total number of test sites N on a sample is limited; the minimum distance between test spots has to be large enough to avoid cross-contamination (usually 1 to 2 mm). Therefore a larger number of test fluences comes at the expense of statistical uncertainties because of a smaller number of test sites at each fluence. This sometimes leads to unphysical results such as non-monotonous growth of ̃( ).
STEREO-LID is superior because each test site yields an actual damage fluence. The results from N total tests sites, after suitable binning of the fluence, produce the probability that a certain damage fluence F i can be expected in a test, P(F i ).
It is important to recognize that P(F i ) is different from the outcome of a TDT, ̃( ), which was the probability that an incident (peak) fluence F i causes damage, see Fig. 3(b) . For comparison purposes, however, P(F) can be used to determine ̃( ). It can be shown that for similar statistical uncertainties STEREO-LID requires only N of the test sites needed in the TDT [16] .
B. Determination of the lowest damage fluence
The onset fluence is determined by the defects with the lowest damage fluence. With the traditional damage test the onset fluence corresponds to zero damage probability. It is obtained either by extrapolating a fit of the measured ̃( ) to zero probability [12] , or by using binary search methods to measure the lowest fluence of damage [17] . Even though a low damage fluence defect is probed the actual LITD F min is only obtained by a statistical extrapolation of ̃( ). STEREO-LID, on the other hand, gives the damage fluences of the weakest defect probed directly, see Fig. 3(a) . In STEREO-LID, the lowest fluence defects have the highest probability for detection. This is true for two reasons:
1. Because of the Gaussian beam profile, the active area (where the fluence exceeds the LIDT) for low fluence defects is larger than for high fluence defects.
2. In cases where two or more defects are active within the laser beam spot, the low fluence defect is more likely to initiate first and be detected by the STEREO-LID measurement [16] .
We will exemplify point (C) by using data from the experimental study of three hafnia films to retrieve defect density distribution functions in the next section.
APPLICATION OF STEREO-LID TO THE CHARACTERIZATION OF FILMS
The defect probability ( ) can be related to the defect distribution ̅ ( ) through 
where s = 0 2 /2 , = 1, 2, … , is the number of the bin for average fluence F i , 0 is the beam waist, and = ∫ ̅ ( ) are the defect densities for each bin, and is the total defect density [16] . Equation (1) represents a system of M equations that can be solved numerically for the defect densities  i from the measured probabilities P(F i ).
To demonstrate the ability of STEREO-LID in assessing different defect distributions, a comparison of HfO 2 films prepared by three different deposition techniques was made. The properties of these deposition techniques are compared in Fig. 4 . All 30 nm thick HfO 2 films were coated on identical substrate, which were previously cleaned following the same protocol. A film thickness of 30 nm was chosen to avoid large spatial variation of the intrafilm standing field distribution to simplify data interpretation. [18, 19] . No post-processing annealing was used. The deposition temperature was 60C. The chamber was baked out prior to deposition at 120 C. The deposition system uses a planetary system that enables the control of film uniformity to better than 1%.
The e-beam evaporation film was deposited in the large optics coater at Sandia National Labs [20] . HfO 2 films were formed by the reactive process of evaporating Hf metal in the presence of oxygen, which was provided by ion-assisted deposition (IAD) and some additional backfilled gas to maintain a total pressure in the coating chamber of 1.1 x 10 -4
Torr during deposition. The deposition temperature was 120 ⁰C and the deposition rate was 3 Å/s. The coating system uses planetary rotation and masking to maintain coating uniformity. Quartz crystal monitoring with a single crystal was used for layer thickness control. Prior to deposition, the substrates were cleaned by wiping with alcohol.
The ALD film was deposited using a Cambridge Nano Tech Inc. Savannah model ALD system [21] . 30 nm of HfO 2 were deposited on a substrate heated to 250 °C using 300 cycles of tetrakis (dimethylamido) hafnium and water vapor. The total deposition time was about 1 hour. Due to the substrate (6.35mm) thickness a 70-mm extended chamber was used to fit the samples into the system. The three films were tested with a seeded and Q-switched Nd:YAG laser (1064 nm, 8 ns) at a peak incident fluence of 1.6 kJ/cm 2 to achieve nearly 100% damage. We tested the samples using total tests N=153 for IBS, N=143 for eBeam, N= 151 for ALD, and N=74 for blank substrate. There were a few (<3%) non-damage events for the IBS film. This indicates that the intrinsic LIDT is > 1.6 kJ/cm 2 . All tests of the e-beam and ALD films resulted in damage. For comparison a blank substrate was tested at the same fluence. The damage probability for the substrate was 61%. The peak intensity is below the intrinsic damage threshold of fused silica [22] suggesting that there was residual contamination or damage left by the polishing procedure [23] . The probabilities are shown in Fig. 5 . The bins for the substrate are wider because of the fewer damage events accumulated. The results of Fig. 5 show that STEREO-LID is able to measure and determine the damage probability distributions in HfO2 films that are unique to each deposition method. The IBS film has a broad range of damage events up to nearly 1 kJ/cm 2 , see Fig. 5b . On the other hand, the ALD had nearly all damage events near 200 J/cm 2 and below, Fig. 5c . The ebeam film was intermediate with a high probability of events at low fluence but a few events as high as 800 J/cm 2 , see Fig. 5a .
From the measurement results of Fig. 5 , the defect probability distribution was obtained for each film and plotted in Fig. 6 . This was done by solving the system of equations (1) numerically. Figure 6 also shows the total defect density from the measured events, = ∑ ̅ ∆ and the minimum fluence at which a damage event was detected, F min . The latter is what is typically determined from TDT, albeit as explained earlier, with much less precision. The defect distribution functions also show clear differences. The densities at low fluences for the substrate are smaller than for the films. This suggests that the defect distribution functions for the coated samples are characteristics of the film. There is a probability though that substrate defects become active when coated [10] .
In Fig.6 we labelled high fluence regions where the defect density is zero as "dark". In these regions the number of events was too low to retrieve densities. For the given experimental parameters defects with these high damage fluences were not observed. The reason is that whenever they were probed (if they were present at all) by the laser spot another defect (with lower damage fluence) was also present and triggered the damage event. For most practical situations these high-damage-fluence defects are not important as they do not control the LIDT. For fundamental studies where a more complete picture of (F) is desired the experiment should be repeated with a smaller spot size. This increases the probability that the group of defects with high LIDT "is visible", that is, produces LID events [16] . The results in Fig. 6 show that STEREO-LID is able to provide detailed defect distributions in three HfO 2 films deposited using different methods. Relating these defect distributions to microstructural defects requires further study. Additional testing with a larger spot size for the e-beam and IBS films in particular will provide additional detail into the distribution of low fluence defects by increasing their probability for detection P(F i ).
SUMMARY
STEREO-LID is a method for measuring the damage threshold fluence (intensity) during a single pulse by identifying the damage initiation in time and space. The temporal initiation can be detected by either an onset of scatter or drop in transmission of the damaging pulse. The spatial initiation is determined using an in situ microscope to image light scattered off the ejected material. STEREO-LID characterization is more efficient than the traditional damage test, because each site provides a damage fluence and intensity. STEREO-LID data can be used to reproduce the damage probability vs. fluence of the traditional damage test with higher accuracy or fewer (√ ) test sites, identify the onset fluence (minimum damage fluence or LIDT) directly, and retrieve a detailed defect distribution without assumptions about its functional form. The latter was demonstrated by comparing the results for HfO 2 films deposited by e-beam evaporation, IBS, and ALD. The results show a clear distinction in the defect densities of the films independent of defects in the substrate.
